INDUCTION DEVICES WITH DISTRIBUTED AIR GAPS 

* 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part application of the parent application 
serial no. 09/318,817, filed 05/26/99 and is currently pending. 7 

BACKGROUND OF THE INVENTION 

The present invention relates to induction devices and particularly to relatively 
large devices used for power generating and utilization having one or more distributed 
air gaps formed in the core. The distributed air gap is generally in the form of a 
magnetic particulate material in a matrix of dielectric material which can comprise a gas 
or a liquid or a solid or a semi-solid material or combinations thereof. 

Induction devices such as reactors are used in power systems, for example, in 
order to compensate for the Ferranti effect from long overhead lines or extended cable 
systems causing high voltages in the open circuit or lightly loaded lines. Reactors are 
sometimes required to provide stability to long line systems. They may also be used for 
voltage control and switched into and out of the system during light load conditions. In 
a like manner, transformers are used in power systems to step up and step down 

voltages to useful levels. 

Such devices are manufactured from similar components. Typically, one or 



more coils are wrapped around a laminated core to form windings, which may be 
coupled to the line or load and switched in and out of the circuit in a desirable manner. 
The equivalent magnetic circuit of a static inductive device comprises a source of 
magnetomotive force, which is a function of the number turns of the winding, in series 
with the reluctance of the core, which may include iron and, if provided, an air gap. 
While the air gap is not strictly speaking necessary, reactors and transformers without 
air gaps tend to saturate at high magnetic field densities. Thus, control is less precise 
and fault currents may produce catastrophic failures. 

The core, shown in fragmentary form in Fig. 13, may be visualized as a body 
having a closed magnetic circuit, for example, a pair of legs and interconnecting yokes. 
One of the legs may be cut through to form the air gap. The core may support the 
windings which, when energized by a current, produces a magnetic field (}> in the core, 
which extends across the air gap. At high current densities the magnetic field is 
intense. 

Although useful and desirable, the gap represents a weak link in the structure of 
the core. The core tends to vibrate at a frequency twice that of the alternating input 
current. This is the source of vibrational noise and stress in such devices. 

Another problem associated with the air gap is that the field <}> fringes, spreads 
out and is less confined. Thus, field lines tend to enter and leave the core with a non- 
zero component transverse to the core laminations which can cause a concentration in 
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unwanted eddy currents and hot spots in the core. 

These problems are somewhat alleviated by the use of one or more inserts in 
the gap designed to stabilize the structure and thereby reduce vibrations. In addition, 
the structure, or insert, is formed of materials which are designed to reduce the fringing 
effects in the gap. However, these devices are difficult to manufacture and are 
expensive. 

An article by Arthur W. Kelley and F. Peter Symonds of North Carolina State 
University entitled Tlastic-lron-Powder-Distributed-Air-Gap Magnetic Material" 
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discusses both discrete and distributed air gap inductor core technology as well as 
using fine metal powder in the making of specific shaped parts, such as air gap 
magnetic materials and also for use in making radar absorbing materials. 

In the Kelley paper, the magnetic permeability is fixed and specific throughout 
the various applications disclosed. The present invention is directed to an air gap insert 
having a transitional zone wherein the magnetic permeability is at some intermediate 
value less than that of the core itself and greater than that of the air gap material itself. 

The solutions presented in the Kelley article would only apply in the field of high 
frequency, low current signal handling and would not necessarily work in the field of 
high power, low frequency electronics. 

The use of high power, low frequency inductors with air gaps have various 
problems associated with huge mechanical forces across the air gap as well as noise 
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and vibration of the electrical devices. Such devices are also prone to energy losses 
and overheating in adjacent cores due to flux fringing. These problems are associated 
with high power, low frequency devices in part due to their large physical structure, 
something that is not present in the power electronic devices discussed in Kelley. 
Therefore, the solutions to these problems require very different solutions than those 
used to address the smaller devices of the power electronics field. 

A typical insert comprises a cylindrical segment of radially laminated core steel 
plates arranged in a wedge shaped pattern. The laminated segments are molded in an 
epoxy resin as a solid piece or module. Ceramic spacers are placed on the surface of 
the module to space it from the core, or when multiple modules are used, from an 
adjacent module. In the latter case, the modules, and ceramic spacers are accurately 
stacked and cemented together to make a solid core limb for the device. 

The magnetic field in the core creates pulsating forces across all air gaps which, 
in the case of devices used in power systems, can amount to hundreds of kilo-newtons 
(kN). The core must be stiff to eliminate these objectionable vibrations. The radial 
laminations in the modules reduce fringing flux entering flat surfaces of core steel which 
thereby reduce current overheating and hot spots. 

These structures are difficult to build and require precise alignment of a number 
of specially designed laminated wedge shaped pieces to form the circular module. The 
machining must be precise and the ceramic spacers are likewise difficult to size and 



position accurately. As a result, such devices are relatively expensive. Accordingly, . it 
is desirable to produce an air gap spacer which is of unitary construction and 
substantially less expensive than the described prior arrangements. 
SUMMARY OF THE INVENTION 

The present invention is based upon the discovery that a distributed air gap 
insert or region may be provided for an inductor in a power system in which the insert 
comprises magnetic particles in a matrix of a dielectric material which magnetic 
particles have a particle size and volume fraction sufficient to provide an air gap with 
reduced fringe effects. The dielectric may be a gas, or a liquid, or a solid or a semi- 
solid or combinations thereof. 

In one form, the distributed air gap comprises an integral body shaped to 
conform to the air gap dimensions. 

In another embodiment, the magnetic material is formed in a matrix of an organic 

polymer. 

Alternatively, the magnetic particles may be coated with a dielectric material. 

In another embodiment, the distributed air gap comprises a dielectric container 
filled with magnetic particles in a matrix of dielectric material. The container may be 
flexible. 

In yet another form, the core is formed of one or more turns of a magnetic wire or 
ribbon or a body formed by powder metallurgy techniques. 
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Still yet another embodiment of the invention sets forth the air gap as having a 
transition zone of magnetic permeability. 

All or part of the core may be in the form of a distributed air gap. Also, the 
density of the particles forming the distributed air gap may be varied by application of a 
force thereon to regulate the reluctance of the device. 

In an exemplary embodiment, the particulate material has a particle size of about 
1nm to about 1mm, preferably about 0.1 micrometer (urn) to about 200 micrometer 
. (urn), and a volume fraction of up to about 60%. The magnetic permeability of the 
power material is about 1-20. The magnetic permeability may be adjusted by about 2-4 
times by applying a variable isotropic compression force on the flexible container. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will now be described with reference to the accompanying 
drawings, wherein 

Fig. 1 shows the electric field distribution around a winding of a inductive device 
for a power transformer or reactor having a distributed air gap according to the 
invention; 

Fig. 2 is a perspective fragmentary view of a cable which may be used in the 
winding of a high power static inductive device for a power system according to an 
exemplary embodiment to the invention; 

Fig. 3 is a cross section of the cable shown in Fig. 2; 



Fig. 4 is a schematic perspective view of a high power inductive device having a 
distributed air gap in accordance with an exemplary embodiment of the invention; 

Fig. 5 is a fragmentary cross section of an embodiment of the distributed air gap 
according to the invention; 

Fig. 6A is a side sectional view of another embodiment of the invention 
employing a dielectric container filled with magnetic particles in a matrix of dielectric 
material; 

Fig. 6B is a fragmentary perspective view of an alternative embodiment of the 
distributed air gap in Fig. 6A employing chopped magnetic wire in the end portions 
thereof; 

Fig. 7 is a schematic view of an inductor formed with a powder metallurgy frame 

and distributed air gap; 

Fig. 8 is a schematic illustration of a powder particle for the distributed air gap; 

Fig. 9A is a fragmentary sectional view of a core formed of one or more turns of 
a dielectric tube containing magnetic particles in a matrix of dielectric material; 

Fig. 9B is a fragmentary detail of an embodiment of the invention employing a 
tube filled with magnetic particles in dielectric matrix. 

Figs. 9C - 9E are schematic illustrations of cores having distributed air gaps 
according to the invention; 

Fig. 9F is a sectional view of core portions which form the distributed air gaps of 
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the inductor; 

Fig. 10 is a schematic illustration of one turn of an exemplary core forming a 
distributed air gap; 

Figs 1 1 A & 1 1 B are exemplary diagrams showing hystenesis and power loss for 
various volume fractions of magnetically permeable particles, e.g. iron; 

Fig. 12 is a cross-sectional view of a portion of a magnetic circuit having a 
transition zone with more than one value of magnetic permeability; and 

Fig. 13 is a fragmentary view of a conventional air gap. 



DESCRIPTION OF THE INVENTION 

The present invention will now be described in greater detail with reference to 
the accompanying drawings. Fig. 1 shows a simplified view of the electric field 
distribution around a winding of a induction device such as a power transformer or 
reactor 1 which includes one or more windings 2 and a core 3. Equipotential lines E 
show where the electric field has the same magnitude. The lower part of the winding is 
assumed to be an earth potential. The core 3 has a distributed air gap 4 according to 
the invention and a window 5. The core may be formed of a laminated sheet of 
magnetically permeable material, e.g. silicon steel, or may be formed of magnetic wire, 
ribbon or powder metallurgy material. The direction of the flux cj) is shown by the arrow. 



In general, the flux 4> confined or nearly confined within the core 3 is uninterrupted as 
shown. 

The potential distribution determines the composition of the insulation system, 
especially in high power systems, because it is necessary to have sufficient insulation 
both between adjacent turns of the winding and between each turn and hearth. In Fig. 
1 , the upper part of the winding is subjected to the highest dielectric stress. The design 
and location of a winding relative to the core 3 are in this way determined substantially 
by the electric field distribution in the core window. 5. The windings Z may be formed of 
a conventional multi-turn insulated wire, as shown, or the windings Z may be in the form 
of a high power transmission line cable discussed below. In the former case, the device 
may be operated at power levels typical for such devices in known power generating 
systems. In the latter case, the device may be operated at much high power levels not 
typical for such devices. 

Figs. 2 and 3 illustrate an exemplary cable 6 for manufacturing windings Z useful 
in high voltage, high current and high power inductive devices in accordance with an 
embodiment of the invention. Such cable 6 comprises at least one conductor 7 which 
may include a number of strands 8 with a cover 9 surrounding the conductor 7. In the 
exemplary embodiment, the cover 9 includes a semiconducting layer 10 disposed 
around the strands 8. A solid main insulating layer 1 1 surrounds the inner 
semiconducting layer 10. An outer semiconducting layer 12 surrounds the main 
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insulating layer 1 1 as shown. The inner and outer layers 10 and 12 have a similar 
coefficient of thermal expansion as the main insulation layer 11. The cable 6 may be 
provided with additional layers (not shown) for special purposes. In a high power static 
conductor device in accordance with the invention, the cable 6 may have a conductor 
area which is between about 30 and 3000mm 2 and the outer cable diameter may be 
between about 20 and 250 millimeters. Depending upon the application, the individual 
strands 8 may be individually insulated. A small number of the strands near the 
interface between the conductor 7 and the inner semiconducting layer 10 may be 
uninsulated for establishing good electrical contact therewith. 

Devices for use in high power applications manufactured in accordance with the 
present invention may have a power rating arranging from 10 kVA up to over 1000 MVA 
with a greater voltage ranging from about 3-4 kV and up to very high transmission 
voltages, such as 400 kV to 800 kV or higher. 

The conductor 7 is arranged so that it has electrical contact with the inner 
semiconducting layer 10. As a result, no harmful potential differences arise in the 
boundary layer between the innermost part of the solid insulation and the surrounding 
inner semiconducting layer along the length of the conductor. 

The similar thermal properties of the various layers, results in a structure which 
may be integrated so that semiconducting layers in the adjoining insulation layer exhibit 
good contact independently of variations and temperatures which arise in different parts 
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of the cable. The insulating layer and the semiconducting layers form a monolithic 
structure and defects caused by different temperature expansion of the insulation and 
the surrounding layers do not arise. 

The outer semiconducting layer is designed to act as a static shield. Losses due 
to induced voltages may be reduced by increasing the resistance of the outer layer. 
Since the thickness of the semiconducting layer cannot be reduced below a certain 
minimum thickness, the resistance can mainly be increased by selecting a material for 
the layer having a higher resistivity. However, if the resistivity of the semiconducting 
outer layer is too great the voltage potential between adjacent, spaced apart points at a 
controlled, e.g. earth, potential will become sufficiently high as to risk the occurrence of 
corona discharge with consequent erosion of the insulating and semiconducting layers. 
The outer semiconducting layer is therefor a compromise between a conductor having 
low resistance and high induced voltage losses but which is easily held at a desired 
controlled electric potential, e.g. earth potential, and an insulator which has high 
resistance with low induced voltage losses but which is difficult to hold at the controlled 
electric potential along its length. Thus, the resistivity p, of the outermost 
semiconducting layer should be within the range p min <p s <P ma x. where p min is determined 
by permissible power loss caused by eddy current losses and resistive losses caused 
by voltages induced by magnetic flux and p max is determined by the requirement for no 
corona or glow discharge. Preferably, but not exclusively, p s is between 10 and 100 



Qcm. 

The inner semiconducting layer 10 exhibits sufficient electric conductivity in order 
for it to function in a potential equalized manner and hence equalizing with respect to 
the electric field outside the inner layer. In this connection, the inner layer 10 has such 
properties that any irregularities in the surface of the conductor 7 are equalized, and the 
inner layer 10 forms an equipotential surface with a high surface finish at the boundary 
layer with the solid insulation 1 1 . The inner layer 1 0 may, as such, be formed of a 
varying thickness but to insure an even surface with respect to the conductor 7 and the 
solid insulation 11, its thickness is generally between 0.5 and 1 millimeter. 

Referring to Fig. 4, there is shown a simplified view of an exemplary induction 
device 20 according to an exemplary embodiment of the invention, including a core 22 
and at least one winding 24 having N turns. The core 22 is in the form of a rectangular 
body which may be formed of insulated laminated sheet 26 having a window 28. The 
core may also be formed of a magnetically permeable ribbon, wire or a powder 
metallurgy substance. The core 22 has limbs or legs 30 and 32 joined by opposite yoke 
portions 34. The winding 24 may, for example be wrapped around the solid leg or limb 
30. Limb 32 is formed with a gap 36 and a relatively high reluctance distributed air gap 
insert 38 is located in the air gap as shown. 

The arrangement of Fig 4 may also operate as a transformer when the second 
winding 25 is employed. As illustrated, the winding 25 may be wound around the core 
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22. In the arrangement illustrated, the winding 25 is wound concentrically with the 
winding 24. 

In accordance with the invention, the core limb 32 exhibits a relatively high 
reluctance to the flux 4> produced when either of the windings 24-25 are energized. The 
insert 38 acts as a distributed air gap and is generally non-saturated thereby allowing 
the device 20 to act as a controller or transformer device in a variety of power 
applications. 

Fig. 5 illustrates the distributed air gap insert 38 in fragmentary schematic cross- 
section. The insert 38 may comprise a matrix of dielectric material 40 containing 
magnetically permeable particles 42. 

The dielectric 40 may be an\epoxy resin, polyester, polyamide, polyamide, 
polyethylene, cross-linked polyethylene, PTFE and PFA sold under the trademark 
Teflon by Dupont, rubber, EPR, ABS,\olyacetal, polycarbonate, PMMA, polyphenylene 
sulphone, PPS, PSU, polysulfone, polyetherimid PEI, PEEK, and the like. As 
discussed in greater detail with respect to\Fig. 8, the dielectric material 40 may also 
coat the particles 42. The magnetic particles 42 may be formed of iron, amorphous iron 
based materials, Ni-Fe alloys, Co-Fe alloysAMn-Zn, Ni-Zn, Mn-Mg and ferrites based on 
Mn-Zn, Ni-Zn, Mn-Mg and the like. » 

In the exemplary embodiment shown in Fig. 5, opposing faces 45 of the air gap 
36 and the corresponding confronting surfaces 45 of the insert 38 may be formed with 
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planar or curvilener confronting surfaces. The insert 38 may have convex surfaces and 
the confronting surfaces 45 of the core may be concave to stabilize the structure 
mechanically. Alternatively, the surfaces 45 of the core may be concave and the 
surface of the insert may be convex to modify field fringing. Generally however, the 
arrangement illustrated, the flux (j) in the core 22 tends to be better confined within the 
distributed air gap insert or region 38. This occurs because the particles 42 provide an 
insulated magnetic path through the insert 38 for the flux <$> which tends to minimize 
fringing effects at the interfaces 45 and thereby reduce eddy currents in the core 22 and 
the insert 38. 

Fig. 6A shows another embodiment of the invention in which a core 50 formed of 
a magnetic wire or laminations 51 has an air gap 52 and employs a distributed air gap 
insert 54 comprising a dielectric container 55 filled with magnetic powder particles 56 in 
a dielectric matrix 57 or coated magnetic particles as described hereinafter. The core 

50 may comprise a spirally wound magnetic wire, as shown, or a ribbon of magnetic 
material, or a powder metallurgy material as discussed hereinafter. The core 50 has 
opposed confronting free ends or surfaces 58 imbedded in the powder forming an 
interface with the insert 54. The free ends 58 may be irregular or jagged to create a 
better transition zone in the interface where the permeability gradually changes from the 
core 50 to the air gap insert 54. In the embodiment shown, ends 53 of the laminations 

51 at the interface may be alternatively off set to create the irregular or jagged end 58. 
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Alternately, as shown in Fig. 6B, the insert 54 may have a multi-component 
structure in which the central portion 55C is filled with the magnetic particles 56 in the 
matrix of dielectric material 57, and the end portions 55E are filled with short lengths of 
chopped magnetic wire 59, and which may exist without the dielectric matrix 57 as 
desired, to provide good electrical contact with the core 50 and a smooth magnetic 
transition into and out of the air gap insert 54. The interface may be planar or curved 
as desired. 

f 

The air gap inserts shown in Figs. 6A and 6B exemplify an embodiment of the 
invention wherein there is provided a magnetic circuit having transition zones wherein 
there exits more than one value for magnetic permeability. That is, a zone within the air 
gap material wherein the magnetic permeability values may vary such as with the lower 
permeability values of the air gap material and greater permeability values for the core. 
With such transition zones, the inductor can have portions of the air gap material that 
have an intermediate permeability value that is greater than the permeability value of 
other portions of the air gap material itself and less than the permeability value of the 
core. For example, in Fig. 6A, in the magnetic circuit the core 50 has a permeability 
value, the confronting free ends or surfaces 58 embedded in the powder 56 have a 
permeability value and the air gap insert 54 has a permeability value. In the exemplary 
embodiment, the permeability value of the core 50 is greater than the permeability 
value of the confronting surfaces 58 and the permeability value of the confronting 
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surfaces 58 is greater than the permeability value of the air gap insert 54. This 
difference in permeability values of the separate regions forms the transition zone 
between the core 50 and the air gap insert 54. 

Another example that illustrates this concept of a transition zone more clearly is 
shown in Fig. 6B wherein the central portion 55C of the air gap insert 54 has a 
permeability value that is less than the permeability value of the end portions 55E 
containing the chopped wire 59, which is less than the permeability value of the core 
-50. The graduated increase in permeability values from the central portion 55C of the 
air gap insert 54 to the core 50 creates the transition zone of permeability within the 
magnetic circuit. 

In the arrangement illustrated in Fig. 6A, it is possible to vary the reluctance of 
the distributed air gap 54 by imposing a pressure or force on the flexible container 55 to 
thereby change the density of the particles 56 therein (Fig. 6B). The force F is typically 
isotropic or evenly distributed so that the ch 

ange in the reluctance is uniform and predictable. In the embodiment illustrated, the 
change in reluctance is about a factor of about 2-4 times. The change in the particle 
density may be employed in other various embodiments discussed herein. 

Another method to achieve a distributed air gap employs coated magnetic 
particles in a static inductive device 70 as illustrated in Fig. 7 including a core frame 72 
having air gap 74 and distributed air gap insert 76. The device 70 has windows 78 and 
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at least one winding 80 shown schematically. As in each of the arrangements 
described, the winding 80 may be an insulated coated wire or a cable as above 
described. 

The distributed air gap insert 76 is formed of powder particles 90 comprising 
magnetic particles 92 surrounded by dielectric matrix coating 94 (Fig. 8). The powder 
particles 90 have an overall diameter D 0 , a particle diameter D p> and a coating thickness 
D c as shown. The insert 76 may be formed or shaped as shown by molding, hot 
.isostatic pressing the particles 90 or other suitable methods. For example, the matrix 
may be sintered, if the sintering process does not destroy the dielectric properties of the 
coating. 

As noted above, particles, as coated, have an outer diameter D 0 . and a coating 
thickness D c . The electric resistivity and magnetic permeability are factors to consider 
when determining the ratio D^Dq. The resistivity is to reduce eddy currents and the 
permeability is to determine the reluctance of the gap. 

Alternatively, the coated particles 90 may be used to fill a container, hose or pipe 
as noted above. If the magnetic particles 92 have sufficient resistivity, they may be 
used alone without a coating and may further be combined with a gas, liquid, solid or 
semisolid dielectric matrix. 

Figs. 9A & 9B illustrate a static inductive device 100 having a core 102 in the 
form of a torus wound hose 104 having a hollow interior filled with magnetic powder 106 
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similar to the arrangement described above with respect to Fig. 6A. It should be 
understood that the core in Fig. 9A may also be manufactured from a magnetic wire or 
ribbon. 

In the arrangement shown in Fig. 9C, if the entire core 102 is a filled hose, the 
entire core is thus a distributed air gap. Also, as shown in Fig. 9D, core 110 may be in 
the form of wound hose segments 112 filled with magnetic particles 1 14 (Fig. 9F). The 
insert 116 shown in Figs. 9D & 9F may be formed of hose segments 118 filled with 
magnetic particles 120 in a dielectric matrix or coated magnetic particles discussed in 
greater detail hereinafter. 

Fig. 9E shows a rectangular core 122 which may be formed as herein described 
as a full distributed air gap or with an insert 124 as shown. Although similar to the 
arrangement of Fig. 4, the arrangements of Figs. 9A-9F have a different geometry. The 
dielectric material of Fig. 4 is solid, whereas in Figs. 9A-9F magnetic particles may be 
distributed in a fluid dielectric such as air. 

In the embodiment of Fig. 10, the exemplary core 130 may be in the form of a 
roll 132 having a radius r of ribbon, wire or a hose of thickness D1. The hose may be 
filled with magnetic powder or dielectric coated magnetic powder as described. The roll 
132 is wound like a spiral, as shown, in a low permeability material, for example air u 2 
with a layer of separation or spacing 124 having a thickness D2 therebetween. The 
dimensions are exaggerated for clarity. 
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An induced magnetic flux 4> having a value well below the saturation in the roll 
direction forms a typical flux line 136 in the form of a closed loop. For a single spiral 
roll, any flux line 136 passing the region of high permeability 132 has to pass the region 
of low permeability 134 exactly once in order to close on itself. Assuming small enough 
ratio of u^u,, the part of the flux line 136 crossing the layer of separation or space 134 
will be nearly perpendicular to the roll direction and with a length slightly greater than 
the distance D2. The total reluctance seen by the flux line 136 crossing a section of 
width D1 + D2 at a distance r » D1 , D2 from the center point P is given approximately 
by the sum of the reluctance in the core in the roll direction and the total reluctance 
across the layer of separation 1 34. As follows: 

R is approximately equal to C(L/(mD1) + (D2/L u 2 )) 

L = 2nr, 

C is a constant 

Fig. 11A illustrates the magnetic induction H and the applied field B for various 
magnetic particles. Fig. 1 1 B shows the relationship of the magnetic field strength B to 
the power loss P for various particle volume fractions densities. 

Fig. 12 shows a part 170 of a magnetic circuit having a section with wires 172 
inserted part way into a piece of distributed air gap material 171 resulting in a transition 
zone having more than one value of magnetic permeability in the distributed air gap 
material 171. The distribution of the wires 172 within the distributed air gap material 
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171 create a graduated permeability in the air gap material such that the permeability at 
some intermediate value is less than the permeability of the core and greater than the 
permeability of the air gap material itself. 

While there has been described by the present considered to be an exemplary 
embodiment of the invention, it will be apparent to those skilled in that various changes 
and modifications may be made therein without departing therefrom. Accordingly, it is 
intended in the appended claims to cover such changes and modifications as come 
Within the true spirit and scope of the invention. 
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